Significantly enhanced absorption at the defect mode can be obtained at surfacenormal direction in a dielectric single-defect photonic-crystal-slab, with an absorption enhancement factor greater than 4,000. Complete absorption suppression within the photonic bandgap region can also be observed in defect-free photonic crystal cavities. High spectral selectivity and tunability is feasible with defect mode engineering, making photonic crystal defect cavities a promising nanophotonic platform for the spectrally selective infrared sensing and hyper-spectral imaging, with the incorporation of quantum well or quantum dot infrared photodetector heterostructures.
INTRODUCTION
Photonic crystal (PC) exhibits photonic band gaps (PBGs) and unconventional dispersion and refractive properties making possible hitherto not realizable optical devices such as ultracompact routers, highly wavelength selective and compact add/drop filters [1, 2] . Owing to the ability of spontaneous emission control [1, 3] , photonic crystal slab (PCS) [4] waveguide cavities have been a subject of active research for ultra-compact high efficiency light sources [5, 6] , with potentially zero threshold [7] [8] [9] [10] . Additionally, PC structures can lead to other physical phenomena, e.g., optical absorption property alteration, through the photonic density of states (DOS) engineering [11] . Enhancement and suppression of thermal emission and absorption reported so far are mostly based on bandedge effect in various metallic PC structures or clusters. Enhanced absorption can happen near or at the band edge where the electromagnetic Bloch wave is still extended throughout the structure, its group velocity is near zero, and the photonic DOS is greatly increased. In this regime, enhanced light-matter interaction is expected, and enhanced laser gain, light absorption and nonlinear effects have all been proposed [2, [11] [12] [13] [14] [15] [16] [17] . Enhanced absorption in tungsten 3D PCs has been reported [18] . Both theoretical and experimental research has been carried out and confirmed the modification of the Planck blackbody radiation [19] . Most of the work so far has been focused on the absorption change in one-dimensional distributed Bragg reflector (1D DBR) based cavities [12, 20] , or one-, two-and three-dimensional (1D, 2D, 3D) metallic photonic crystal cavities [11, 13, 17] . Little work has been reported on the modified absorption characteristics in 2D dielectric photonic crystal slab (PCS) cavities [14] , to the best of our knowledge.
Simultaneous inhibition and redistribution of spontaneous emission in PC has been demonstrated theoretically and experimentally in a lossless dielectric PCS structure [3] . The introduction of an absorption layer in a dielectric PCS structure (e.g. quantum well, quantum dots) can lead to the modification of the absorption characteristics, due to the spectrallyselective light-matter interaction in the cavity. We propose a photonic crystal infrared Page 2 photodetector (PCIP) configuration, where the photonic crystal defect cavity was integrated with the quantum dot infrared photodetectors (QDIPs) [14, 21] for higher operation temperature and spectrally selective absorption, highly desirable for infrared gas sensing and hyper-spectral imaging. High spectral selectivity with tunable wavelength coverage and spectral width can be feasible based on defect engineering and simple lithographic control, and/or external control [22] .
ABSORBTIVE PHOTONIC CRYSTAL SLAB SIMULATION
Following a similar approach reported by Fujita et. al. [3] , three-dimensional (3D) finitedifference time-domain (FDTD) [23] simulation was carried out in a triangular lattice air hole PC cavity, with an absorptive layer in the center of the symmetric air-slab-air PCS, as shown in Fig. 1a . The structural parameters are also shown, along with the simulated photonic bandgap (PBG) and the defect mode characteristics in the single defect (H1) air hole photonic crystal slab (PCS) cavity with lattice constant a = 0.38 m. The defect level was confirmed to be a dipole mode (top inset of Fig. 1a ) with center wavelength (1.504 m) close to the center of the photonic bandgap (1.41 to 1.67 m). The absorption layer extinction coefficient k a , i.e., the imaginary part of the refractive index, was tuned for different absorption coefficient
( a ) ( b ) Perfectly matched layers (PMLs) were incorporated at the boundaries of the computational domain to avoid unnecessary reflections of light at the boundaries. Typically the PMLs should be set about half wavelength away from the structure under simulation in order to separate the vertical and in-plane components (e.g., for the quality factor calculations). In our case, by placing monitors close to the dielectric slab structure, we see little change in the total power monitored for each monitors when the thickness of the air section shown in Fig. 1a and 1b) changed from 2a (~half wavelength) to 0.35a, where a is the lattice constant. To save the computational resources (memory and time), we focused our work here with air region set to be 0.35a. A dipole source was introduced in the center of the cavity launching to the +x direction, with a Gaussian profile to cover the desired wavelength region of interest. Total of six power monitors were placed at the boundaries to collect the transmitted spectral power density after Fourier-transformation from the average of the Poynting vectors, for both in-plane power change (labeled as east (P E ), west (P W ), north (P N ) and south (P S ), respectively, as shown in Fig. 1b) , and vertical power change (top (P T ) and bottom (P B )). The same simulation was performed for the slab waveguide without photonic crystals as the reference. The absorption results were normalized to the one obtained from the reference sample (slab without PC). The monitor power (transmitted spectral density) was shown in Fig. 2, with k Fig. 2 . It is worth mentioning that the dominant transmission at defect level is along vertical direction, due to the coupling of guided resonant cavity mode to the vertical leaky/radiation mode [24] . On the other hand, in the defect-free PC cavity (H0, inset of Fig.  2b ), there is a significant suppression in the transmitted power within the photonic bandgap (PBG) region. At a much reduced signal level (transmitted power), there is a peak near the bandedge (1.41 m). This could be due to the bandedge effect associated with the group velocity anomaly. The transmitted power for the reference sample (no PC case) is also shown in Fig. 2c . The absorption power was extracted from the monitored power difference at different absorption coefficients (varying k a values) . The normalized absorption, defined to be the ratio of the absorption in PC cavities to that value in reference slab without PC structures, were plotted in Fig. 3 , with both linear (top) and log-scale (bottom), for single defect (H1) and defect-free (H0) PC cavities. Note only the absorption in the vertical direction was shown since the dominant absorption occurs in the vertical (surface normal) direction, as compared to the in-plane absorption. While absorption suppression is evident inside the PBG region, the enhanced absorption is seen at the defect level within the bandgap.
PML: Perfectly Matched Layers
It is also worth mentioning that the defect mode quality factor Q is far from optimal. Defect mode cavity Q optimization [25, 26] is essential with much higher Q for the desired spectral selectivity for hyper-spectral imaging, or even ultra-spectral (0.1-0.3cm -1 resolution) imaging applications. The absorption enhancement factor, defined as the relative absorption power spectral density compared to that obtained from the reference slab (without PC) with the same absorption coefficient, can be derived from the normalized absorption power spectral density at the wavelength of interest. The absorption change (absorption enhancement factor) due to the presence of the PC cavity is shown in Fig. 4a , at the defect-level wavelength (1.5 m), for different absorption coefficients. Enhanced absorption can be obtained with the enhancement factor around 6,000 with k a = 0.008 (or = 670 cm -1 ). The high enhancement factor (>1,000) can be obtained for a large range of absorption coefficients. The effect of air hole period surrounding the defect cavity was also investigated. With the reduction in the air hole period surrounding the single defect cavity from 4 to 3 periods, the enhancement factor also reduces accordingly by a factor of 10 for vertical absorption in H1 cavity, due to the corresponding reduction in the cavity quality factor Q (from 107 to 88). Shown in Fig. 4b is the total cavity quality factor Q for this single defect cavity mode, which is derived from the simulated defect mode linewidth (e.g. Fig. 2a) , using equation Q = where and are the center resonant wavelength and the corresponding linewidth, respectively. A reduction in Q was seen, as a result of increased absorption coefficient. Note the total Q relates to the in-plane Q // and vertical Q .with this equation:
. Similar values were obtained for the total cavity Q based on both vertical and in-plane defect mode linewidths (H1 , H1 // ). It is also anticipated that much higher Q can be achieved with higher enhancement factor by increasing the surrounding air hole period and defect engineering (increasing Q // ), and/or heterostructure slab engineering for optical vertical confinement (increasing Q ) [25, 26] . 
CONCLUSION
In conclusion, theoretical investigation has been carried out on the spectrally selective absorption properties in 2D dielectric PCS cavities, for the first time. The work is based on 3D FDTD technique. For 2D symmetric air hole triangular lattice PCS structures, enhanced absorption at defect level was obtained, with the enhancement factor greater than 4,000. Complete absorption suppression within photonic bandgap region was observed in defect-free cavities. The findings here can aid the cavity design in the infrared (IR) photodetectors with the incorporation of PC cavities. The incorporation of PC into IR photodetectors (e.g. quantum well and quantum dot infrared photodetectors at mid-wave, long-wave to farinfrared) can potentially lead to IR photodetectors with higher operation temperature due to enhanced spectrally selective absorption. The spectral resolution and tunability can be accomplished by controlling the cavity Q and resonant peak locations through PC defect engineering. The exact enhancement factor will be largely depending on cavity characteristics and the absorption coefficient at different IR bands. Similar results can also be obtained with surface normal incident light, via the coupling between in-plane guided resonance and vertical radiation modes [24] .
